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Abstract
Background: Tropical dry forests cover less than 13 % of the world’s tropical forests and their area and biodiversity
are declining. In southern Africa, the major threat is increasing population pressure, while drought caused by
climate change is a potential threat in the drier transition zones to shrub land. Monitoring climate change
impacts in these transition zones is difficult as there is inadequate information on forest composition to allow
disentanglement from other environmental drivers.
Methods: This study combined historical and modern forest inventories covering an area of 21,000 km2 in a
transition zone in Namibia and Angola to distinguish late succession tree communities, to understand their
dependence on site factors, and to detect trends in the forest composition over the last 40 years.
Results: The woodlands were dominated by six tree species that represented 84 % of the total basal area and can
be referred to as Baikiaea - Pterocarpus woodlands. A boosted regression tree analysis revealed that late succession
tree communities are primarily determined by climate and topography. The Schinziophyton rautanenii and Baikiaea
plurijuga communities are common on slightly inclined dune or valley slopes and had the highest basal area
(5.5 – 6.2 m2 ha−1). The Burkea africana - Guibourtia coleosperma and Pterocarpus angolensis – Dialium englerianum
communities are typical for the sandy plateaux and have a higher proportion of smaller stems caused by a higher
fire frequency. A decrease in overall basal area or a trend of increasing domination by the more drought and cold
resilient B. africana community was not confirmed by the historical data, but there were significant decreases in
basal area for Ochna pulchra and the valuable fruit tree D. englerianum.
Conclusions: The slope communities are more sheltered from fire, frost and drought but are more susceptible
to human expansion. The community with the important timber tree P. angolensis can best withstand high fire
frequency but shows signs of a higher vulnerability to climate change. Conservation and climate adaptation
strategies should include protection of the slope communities through refuges. Follow-up studies are needed
on short term dynamics, especially near the edges of the transition zone towards shrub land.
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Background
Tropical dry forests represent about 8 to 13 % of the world’s
tropical forests (Hansen et al. 2013). They provide import-
ant ecosystem services such as climate regulation and car-
bon storage, and support millions of poor people through
timber and non-timber forest products (Snyder et al. 2004;
Shackleton et al. 2007; Blackie et al. 2014). They are an im-
portant safety net for human and animal populations by
providing food during dry years (Chidumayo and Gumbo
2010). Virtually all remaining tropical dry forests are threat-
ened by deforestation and degradation and should be given
high conservation priority (Miles et al. 2006; Hansen et al.
2013). However, they are among the least studied forest
ecosystems hampering sustainable forest management and
adequate forest policy (Blackie et al. 2014).
Increasing human populations are the main threat to
tropical dry forests in Africa, inducing changes in land
use practices, land cover and fire regimes (Miles et al.
2006; Leadley 2010; Cabral et al. 2011; Sloan and Sayer
2015). The impact of global change on Africa’s dry
forests is unclear as predicted climate changes vary at a
regional scale while increasing CO2 and drought can
have opposite effects on tree cover (Hély et al. 2006;
Lucht et al. 2006; Thuiller et al. 2006; Leadley 2010; Liu
et al. 2013). Transition zones from open dry forest to
shrub and grassland can expect the largest impact, par-
ticularly where mean annual rainfall has a pronounced
effect on woody cover (Sankaran et al. 2005, 2008)
(Fig. 1). More drought combined with increasing fire fre-
quency (Pricope and Binford 2012) and population pres-
sure, may induce changes towards other vegetation types
and thereby affect human communities depending on
forest resources.
One of the moderate climate change scenarios, the B1
emission scenario which can best be compared by the
Representative Concentration Pathway 4.5 (IPCC 2007;
Rogelj et al. 2012; IPCC 2014), predicts the biggest de-
crease in rainfall for the African dry forest transition
zones in northern Namibia, southern Angola, south-
eastern Botswana, and the north-west of South Africa
(Fig. 1). This would reduce the range of deciduous
broad-leaved trees (Thuiller et al. 2006). Monitoring forest
composition in transition zones can provide an early
warning system for climate change impacts. However,
there is inadequate information on the current state of
those forest ecosystems to disentangle climate change
from other environmental effects. The lack of information
hampers the development of climate change adaptation
strategies, informed forest management and land use
planning decisions. The use of passive remote sensing of-
fers only limited options because the spectral signal from
the open forests is influenced by fire scars, shrub and grass
cover, which all have a high intra- and inter-annual vari-
ability (FAO 2001; Ganzin et al. 2005; De Cauwer 2015).
This study aims to provide more insight in the forest
composition of a tropical dry forest transition zone in
southern Africa where a large reduction in rainfall is
predicted, i.e. the open Baikiaea forests at the south-
western edge of the Miombo ecoregion (Fig. 1). Forest
composition here is different from the wetter Miombo
woodlands more northwards, and has a lower human
population density. The woodlands contribute directly to
Fig. 1 Left: Tropical dry forest ecozone in Africa (FAO 2000) with areas susceptible to drought. Susceptible areas are situated in the transition
zone to shrub land where woody vegetation cover is mainly influenced by mean annual precipitation (MAP < 650 mm) (Sankaran et al. 2005)
and where the largest decreases (>15 %) in MAP are predicted. Right: Study area in the dry tropical forest transition zone. Future MAP is based
on the B1 SRES emission scenario for 2080 (HADCM3 model, WorldClim)
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national economies through ecotourism focused on large
mammals, and the provision of fuel, construction wood
and fodder (Barnes et al. 2010). Some detailed studies on
forest composition in this area focused on smaller study
areas (Childes and Walker 1987; Strohbach and Petersen
2007; Aarrestad et al. 2011; Strohbach 2013; Revermann
and Finckh 2013). Few studies have examined the long-
term changes in the composition of late successional for-
est (e.g. Mosugelo et al. 2002). Detecting forest patterns
in the study area is complicated by 1) a lack of obvious
environmental gradients with exception of a few rivers
and dunes and 2) the difficulty to distinguish tree com-
munities with small datasets (<200 plots) (Childes and
Walker 1987; Strohbach 2013; De Cauwer 2013). Regional
studies indicate that forest dynamics are mainly driven by
fire, drought and browsing (Burke 2006; Archibald et al.
2009; Fanshawe 2010). The long-term effect of fire on for-
est composition remains however controversial, especially
because it is influenced by other variables, such as soil,
browsing and rainfall (Bond et al. 2003; Sankaran et al.
2008). The impact of elephant populations on woody
vegetation is well studied in the eastern Baikiaea wood-
lands (Makhabu et al. 2006; Holdo 2007; Loarie et al.
2009; Kalwij et al. 2010; Aarrestad et al. 2011), however,
elephants are less common in the western parts and cattle
are the most important large herbivores.
This study combines data of different forest inventories
collected over four decades to identify tree communities
over a large area and study their long-term interactions
with site variables, including disturbances. Larger trees
formed the basis of the study as their abundance accumu-
lates the effect of past climate variation (Thijs et al. 2014;
Zhu et al. 2014). The study aims at 1) distinguishing late
succession tree communities in the western Baikiaea
woodlands and describing their composition; 2) determin-
ing which environmental variables including disturbances
have shaped the communities and their species compos-
ition; and 3) detecting trends in the composition of the
tree communities over the last 40 years.
Methods
Study area
The study area in the Baikiaea woodlands of Namibia
and Angola covers 21,000 km2 (Fig. 1). Most of the area
is communal land with some parts managed as commu-
nity forests or state forest. The study area is situated
within the Kavango Zambezi Trans-frontier Conserva-
tion Area (KAZA TFCA), the largest trans-frontier con-
servation area in the world (WWF 2012). The generally
flat landscape has very gradual slopes. The main topo-
graphic feature is the Okavango river valley and its
tributaries of dry, fossil rivers. The south-western part of
the study area has permanent parallel dunes, only a few
meters higher than the surrounding areas (Graz 1999).
The soil consists of aeolian sediments forming Areno-
sols, with exception of the floodplains and fossil rivers
where clay and silt contents are higher. The sandy soils
have low levels of nutrients, particularly carbon and ni-
trogen (Gröngröft et al. 2013). Mean annual rainfall is
about 560 mm, with increasing rainfall towards the
north. Seasonal rainfall variability is high with most rain
in the wettest months of the rainy season, between
November and April. More details on the physical envir-
onment of the study area are given in Table 1.
The vegetation outside the Okavango river valley is
open forest according to FAO definitions, with an average
canopy cover of 25 % and canopy heights of 10 to 15 m. It
is characterised by a low growing stock (Table 1) and tree
species Pterocarpus angolensis, Baikiaea plurijuga, Burkea
africana and Schinziophyton rautanenii. In Namibia, the
vegetation is referred to as Northern Kalahari dry forests
and woodlands (Giess 1998) and in Angola as B. plurijuga
woodland savannah with stands of S. rautanenii (Diniz
1973). The woodlands extend northwards where they
gradually change into typical miombo woodland with
Julbernardia paniculata, Brachystegia bakeriana and B.
spiciformis (Coelho 1964, 1967; Santos 1982; Fanshawe
2010). Southwards, the tree layer becomes more open and
intermingled with Acacia species (Burke 2002). Every year,
about 20 % of the study area burns (Stellmes et al. 2013a).
Most fires occur at the end of the dry season with a high
intensity, causing tree damage in all diameter classes
(Stellmes et al. 2013a; Schelstraete 2016).
The human population in the Namibian part of the
study area grew exponentially since the 1960s, fuelled by
refugees of the civil war in Angola (Girot 1998; Mendel-
sohn 2009) and expanding along roads and dry riverbeds.
Woodlands are cleared for agriculture, despite the infertile
soils, resulting in a yearly deforestation rate of 3.9 % for
the period 1943–1996 (Mendelsohn 2009). Charcoal is
not produced and shifting cultivation is not practiced;
farmers remain on the same fields and use fallow periods
(Pröpper et al. 2010). At the Angolan side, people are
returning since the end of the war in 2001 and have
started to clear more forest (Schneibel et al. 2013). The
local population harvests small quantities of wood and
within a radius of about 5 km of their villages, mainly as
firewood and for construction. Commercial logging fo-
cuses on large individuals of a few species, mainly P. ango-
lensis, and also B. plurijuga. Legal harvesting in Namibia
is currently restricted to community forests, but illegal
logging does take place (Kabajani 2013; Pröpper and
Vollan 2013; own observations). Harvesting of timber in
Angola is increasing (Karen Nott, pers. comm., 2015).
Forest inventory data
Forest inventory data were obtained from different
sources: 1) research data: own data collected in 217
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sample plots during the period 2011 – 2014 along tran-
sects representing an increasing distance from human
settlements and rivers (mean distance between plots on
transects: 520 ± 400 m); 2) forestry data: data of the Na-
mibian Directorate of Forestry and the Namibian Com-
munity Forestry programme in 704 plots, collected by
systematic grid sampling during the period 1998 – 2008
(mean distance between plots in grid: 720 ± 300 m)
(Chakanga and Selanniemi 1998; Kamwi 2003; Kanime
2003; Rechberger 2008); and 3) historical data of the
Department of Forestry of South Africa, then in charge
of forestry in Namibia, collected in 492 sample plots in a
systematic grid design in the Kavango region over the
period 1972 – 1974 (mean distance between plots in
grid: 3.0 ± 2.8 km) (Geldenhuys 1992).
The sampling intensity of the different datasets
was not the same for all stem diameter at breast
height (DBH) classes. Trees with a minimum DBH
of 20 cm were used for the classification to minimise
differences in sampling intensities and to avoid the
inclusion of early succession tree communities. The
most common tree species take about 40 to 70 years
from the last resprouting occurrence to reach this
diameter (Worbes n.d.; Therrell et al. 2007; Van
Holsbeeck et al. 2016). Trees with 20 cm minimum
DBH were measured in plots with a radius of 20 m
for the recent and 30 m for the historical dataset
(Geldenhuys 1992; Burke 2002). A Monte Carlo ana-
lysis showed that the β-diversity-Whittaker’s species
turn over - of the historical dataset fell within range
of the research data and that the difference between
the research and forestry data is higher (Additional
file 1: Table S1). Structural composition of the com-
munities could be described with data using a DBH
threshold of 10 cm. Dead trees were included in the
recent inventories.
The approximate locations of the historical plots were
derived after georeferencing scanned forest maps of
Kavango of 1971 with scale 1:75,000 used during the
planning phase of the inventory. Error of the rectifica-
tion varied between 9 m and 29 m, but the positional
error of the sample points is larger because of limited
means to determine accurate geographic coordinates in
the 1970s. The historical plots were randomly clustered
in groups of four and at a maximum distance of 500 m
of the central sample point.
Site variables
Climate and temperature data were obtained from
WorldClim (Hijmans et al. 2005) and frost days from
CRUTS (Harris et al. 2013). Soil data were extracted
from the Harmonised World Soil Database (HWSD).
Elevation data from the Shuttle Radar Topography Mis-
sion (SRTM) of NASA, were used to derive slope, aspect
and landscape curvature at landscape level. The latter
quantifies the shape of the landscape surface (Jenness
2006). Human intervention in the woodlands was
indirectly reflected by distances to villages, tracks, roads,
riverbeds, agricultural fields and major towns as human
activities are concentrated there (own observations;
Schneibel et al. 2013). GIS data based on orthophotos of
1996 were updated in QGIS with information of Google
Earth for the period 2011 to 2013. The extent of cleared
land in 1972 (Mendelsohn and Obeid 2004) was used to
determine distances to agricultural fields for the histor-
ical dataset. Existing GIS data on groundwater depth
(Bittner 2002; Christelis and Struckmeier 2011) and cat-
tle density in Namibia was used (Mendelsohn and Obeid
2004). Tree damage caused by browsing cattle, harvest-
ing and fire were recorded in the field for the research
dataset using damage classes at plot level. Fire frequency
could be determined for the recent datasets based on
Table 1 Physical environment and woodland characteristics in the study area as determined for the sample plots (n = 1230). Climate
data were derived from WorldClim (Hijmans et al. 2005) and CRUTS (Harris et al. 2013)
Minimum Maximum Mean SD
Latitude −19.09 −17.49 −18.10 −0.18
Longitude 18.45 20.45 19.65 0.60
Altitude (m) 1077 1173 1127 21
Sand fraction in topsoil (%) 52 95 94 4
Annual rainfall (mm) 531 625 564 15
Minimum temperature coldest month (°C) 5.8 7.5 6.3 0.6
Maximum temperature warmest month (°C) 34.0 34.6 34.2 0.1
Frost (days · year−1) 8 11 10 1
Maximum tree diameter at breast height (cm) 20 189 49 20
Basal area all trees (m2 · ha−1) 0.3 22.3 4.7 2.5
Stem density (ha−1) 7 493 112 59
SD standard deviation
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AVHRR for 1981–1991 (Barbosa et al. 1999), Landsat
Quicklooks for 1991–2004 (Verlinden 2004) and MODIS
burned area products for 2000 – 2012 (Stellmes et al.
2013a). The enhanced vegetation index (EVI) was derived
from MODIS for 2000–2012 (Stellmes et al. 2013b).
Data analysis
Vegetation classification was tested for several abun-
dance measures: stem density per ha, basal area per ha
and presence/absence (P/A) of the tree species. The
distribution of basal area data was skewed and hence log
converted to improve assumptions of normality and
focus on relative quantities of species (McCune et al.
2002). Outliers and species that only occurred in three
plots or less were removed. Outliers consisted of species
and plots situated at more than two standard deviations
from the grand mean Sørensen distance measure. For
each of the abundance measures, the sample plots were
hierarchically clustered into groups using a Sørensen dis-
tance measurement and flexible beta linkage (b = −0.25)
(McCune and Mefford 2011).
Indicator Species Analysis was applied to determine
indicator species for the different groups (Dufrene and
Legendre 1997). The occurrence of single species and
species combinations were evaluated based on their
positive predictive value A (probability that plot belongs
to community if species is present) and their sensitivity
B (relative occurrence in plots of that community),
which give the indicator value IV when multiplied (De
Cáceres et al., 2010). Differences between groups and
homogeneity within groups were tested with multi-
response permutation procedures (MRPP) using the
Sørensen distance measure. The test statistic T describes
the separation between the groups and the statistic A
the within-group homogeneity. A is larger than 0 if the
emerging groups are significantly more homogeneous
than expected by chance (McCune and Mefford 1999).
Communities were identified based on the results of in-
dicator species analysis and MRPP, both performed in
PC-ORD.
The impact of site variables on tree communities was
explored by developing a boosted regression tree model
(BRT) for each tree community. BRT models combine a
large number of simple tree models and often outper-
form other modelling methods (Elith et al. 2006, 2008;
Araújo and New 2007; Aertsen et al. 2010). All data
were used for developing the models as this gave the
best predictive performance, despite the lower positional
accuracy of the historical plots. A Bernoulli distribution
was used to model the presence of each community.
The BRT models were simplified by dropping variables
that did not increase model performance. Performance
of the models was evaluated by 10-fold cross-validation
of deviance and correlation (Leathwick et al. 2006; Elith
et al. 2008). Deviance measures how well calibrated the
prediction values are and penalises errors in scaling of
prediction values (Phillips and Dudík 2008). The effects
of the predictors were studied through their contribution
to the models and their partial dependence plots. The
plots visualise the marginal effect of the selected variable
on the model prediction, while the dependency of the
remaining variables is neutralised (De’Ath 2007;
Ridgeway 2014). Differences between the communi-
ties for each of the structural characteristics and site
variables were tested with Kruskal-Wallis, pairwise
comparisons with the Wilcoxon rank sum test and
the Bonferroni adjustment for multiple tests. Certain
tests could only be performed for the recent data as
site variables were not available for the historical
data. Spearman rank correlations were determined
between all variables. BRT modelling and statistical
tests were performed with the software R (Core
Team R 2012), including the gbm package (Ridgeway
2014) and functions written by Elith et al. (2008).
For detection of trends in the composition of the
woodland over the last 40 years, historical plots situ-
ated within a radius of 1 km of recent plots were se-
lected. Structural composition of the historical and
recent plots was compared through the total amount
of stems, mean DBH and basal area for stems with
minimum DBH of 10 cm, and for stems and basal
area of the DBH class 10 to 20 cm. The species com-
position was analysed through the basal area of the
most common tree species with minimum DBH of
20 cm. Differences between historical and recent data
were tested for significance with the paired t-test for
normal distributed data and Wilcoxon signed rank
test for non-parametric data.
Results
Tree communities
The original data of all combined data inventories (n =
1413) indicated that six species contributed to 84 % of
the wood basal area in the study area (Additional file 2:
Table S2). About 4 % of the plots did not have trees with
DBH of 20 cm or larger and were removed. The final
dataset used for vegetation classification (n = 1230) com-
prised 19 tree species and had a β-diversity of 5.4. Some
Commiphora and Strychnos species were only included
at genus level as species identification for some inven-
tories was questionable. The abundance measure with
the best classification results was log converted basal
area, yielding five tree communities of which four were
characterised by only one important indicator species
(Table 2). Differences between the communities (A =
0.33, T = −496.4) were much larger than those between
the different data sources (A = 0.02, T = −38.4) or loca-
tion within the study area (A = 0.08, T = −76.9).
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The use of basal area resulted in communities with
large differences in structural composition (Table 3).
There was a significant, but low correlation between the
density of dead trees and fire frequency for the periods
1981–1991 (rs = 0.11, p = 0.002) and 1991–2004 (rs =
0.16, p < 0.001). T. sericea was the species with the high-
est ratio of dead versus living trees (106 %), followed by
Dialium englerianum (31 %) and B. africana (19 %).
The BRT models for the different tree communities
could explain 6 to 27 % of the deviance, with the best
model for the B. plurijuga community (Additional file 3:
Table S3). Abiotic variables appeared to have a more im-
portant effect on tree composition than anthropogenic
variables. Elevation was considered an abiotic variable as
it was only correlated to climatic variables (e.g. rainfall
in wettest quarter: rs = −0.77, p < 0.001) and groundwater
level (rs = 0.46, p < 0.001). The distance to the Okavango
river was correlated to both abiotic and anthropogenic
variables (e.g. burned area for 1981 – 2004 (rs = 0.66,
p < 0.001), diurnal range (rs = −0.59, p < 0.001)).
The Kruskal-Wallis tests of site variables (Additional
file 4: Table S4) indicated that three communities were
typical for the sandy plateaux that are 20 to 40 m higher
than the valleys: the Burkea africana, Guibourtia coleos-
perma and Pterocarpus angolensis - Dialium engleria-
num communities. The two others were found nearer to
dry riverbeds, the old floodplain of the Kavango river or
dune areas and are referred to as the slope communities,
despite the fact that most slopes were very gradual and
often invisible in the field (Fig. 2d). A new BRT model
was created for the distinction of sand and slope com-
munities, which yielded a better deviance (31 %) and
correlation (0.61). The most important predictor of the
model is cattle density (Table 4), a proxy for both abiotic
variables (e.g. rainfall in the warmest quarter: rs =
0.58, p < 0.001) and disturbances (e.g. distance to vil-
lages: rs = −0.75, p < 0.001). Fire frequency was not
Table 2 Tree communities with indicator species and their
positive predictive value (A), sensitivity (B) and indicator value
(IV). Single indicator species are included when p < 0.05 and
indicator species combinations when they have a higher A
than the best single indicator species
A B IV (%)
Schinziophyton rautanenii community (230 plots)
S. rautanenii 0.92 1.00 92
S. rautanenii + Erythrophleum africanum 1.00 0.07 7
E. africanum 0.53 0.07 3
Baikiaea plurijuga community (278 plots)
B. plurijuga 0.75 1.00 75
B. plurijuga + Combretum psidioides 0.85 0.16 14
C. psioides 0.48 0.16 8
B. plurijuga + Commiphora spp. 0.81 0.09 8
B. plurijuga + Philenoptera nelsii 0.96 0.07 7
Commiphora spp. 0.72 0.09 7
P. nelsii 0.56 0.07 4
Burkea africana community (168 plots)
B. africana 0.29 0.99 28
Terminalia sericea 0.30 0.16 5
B. africana + Acacia erioloba 0.87 0.02 2
A. erioloba 0.51 0.02 1
Guibourtia coleosperma community (249 plots)
G. coleosperma 0.61 1.00 61
Pterocarpus angolensis - Dialium englerianum community (305 plots)
P. angolensis 0.32 0.88 28
P. angolensis + B. africana 0.38 0.70 26
Dialium englerianum 0.43 0.40 17
D. englerianum + Combretum collinum 0.66 0.06 4
D. englerianum + Strychnos spp. 0.57 0.05 3
Table 3 Structural characteristics of the tree communities based on trees with minimum diameter at breast height (DBH) of 10 cm
Schinziophyton
rautanenii
Baikiaea plurijuga Burkea
africana
Guibourtia
coleosperma
Pterocarpus angolensis - Dialium
englerianum
Maximum tree DBH (cm) 64 (22)a 51 (16)b 34 (11)c 52 (21)b 41 (14)d
Mean tree DBH (cm) 23 (4)a 24 (7)a 19 (6)b 21 (5)c 20 (5)b
Basal area (m2 · ha−1) 6.2 (2.7)a 5.5 (2.7)b 2.8 (1.5)c 4.6 (2.0)d 3.9 (1.7)e
Stem density (stems · ha−1) 118 (50)b 109 (60)ab 96 (62)b 115 (59)a 116 (62)a
Proportion of stems with DBH 10–20 cm (%) 54 (20)a 44 (25)b 62 (28)c 59 (22)c 60 (24)c
Dead tree density (stems · ha−1) 21 (25)a 9 (15)b 17 (25)a 18 (27)a 18 (26)a
Tree cover from field observations (%) 29 (12)b 31 (12)bc 19 (9)a 26 (7)ab 22 (12)a
Mean EVI 2007–2012 0.274 (0.014)b 0.281 (0.015)c 0.266 (0.011)a 0.267 (0.012)a 0.266 (0.013)a
Standard error of the mean is between parentheses. Letters represent significant differences between groups at level p < 0.05. EVI: enhanced vegetation index
derived from MODIS time series (Stellmes et al. 2013b). The table is based on a larger dataset than that used for community classification, which used a minimum
DBH of 20 cm
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selected as a predictor by the model. The effects of
the predictors were studied through the partial de-
pendence plots of which some are illustrated in Fig. 2.
Most plots on communal land belonged to the slope
communities (59 %), while those in the community
forests were mainly sand plateau communities (83 %).
Stem density within the more protected state forest
consisted of 41 % of small stems compared to 55 %
on average. The BRT model information in combin-
ation with the site variables (Table S4) and structural
characteristics (Table 3) were used to describe the
tree communities (Additional file 5: Document S5).
Historical trends in tree community composition
Fifty-five historical plots were situated within a distance
of 1 km from recent plots. Structural variables of late
succession communities did not change significantly
over the last 40 years (Fig. 3). The only significant differ-
ences in composition were a decrease in the basal areas
Fig. 2 Partial dependence plots of predictor variables for the slope and sandy plateau communities. The plots show the dependencies of the
presence models on predictors. When model prediction for the presence of the slope community is relatively high, prediction for presence of the
sandy plateau community is low and vice versa
Table 4 Predictor variables of the boosted regression tree
model to distinguish sandy plateau from slope communities
Range Relative importance
(%)
Cattle density 0–14 km−2 13
Temperature seasonality 30.2–35.7 °C 12
Elevation 1077–1173 m 10
Distance to fossil rivers 0–22 km 9
Aspect 0–359° 9
Distance to the Okavango river 0–49 km 8
Distance to main roads 0–35 km 8
Mean temperature warmest quarter 25.2–26.0 °C 7
Slope 0–4.3° 6
Annual rainfall 531–625 mm 5
Landscape curvature - 5
Rainfall warmest quarter 144–195 mm 5
Rainfall seasonality 102 %–111 % 4
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of B. africana (p < 0.05), D. englerianum (p < 0.01) and
Ochna pulchra (p < 0.01).
Discussion
Species and structural composition of the western
Baikiaea woodlands
The western Baikiaea woodlands did not show a large
variation in woody species composition and were
dominated by six species that represent 84 % of the total
basal area (Table S2). The five tree communities were
fairly equally represented (Table 2) with the B. africana
community least common. B. africana was on the
other hand the most represented tree species (29 %
of all stems) because it was often present in other
communities. The community appears to be the un-
differentiated phase of the woodlands.
The best represented community was P. angolensis -
D. englerianum with P. angolensis, the most important
timber tree in the region, the second most common spe-
cies with 8 stems ha−1 (19 %). Other authors indicated
that both P. angolensis and B. africana are common in
north-eastern Namibia and there was a suggestion to
name the woodlands the Burkeo-Pterocarpetea (De
Raedt 1961; Strohbach and Petersen 2007). P. angolensis
was often present in other communities, supporting the
high degree of species interspersion reported by Graz
(2006). The biggest contributors to total basal area were
B. plurijuga and B. africana (Table S2). B. plurijuga is
Fig. 3 Histograms showing the differences between historical and recent plots. Change in stem density is for stems with minimum diameter at
breast height (DBH) of 10 cm. Change in basal area for Burkea africana, Dialium englerianum and Ochna pulchra is for stems with minimum DBH
of 20 cm
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another important timber tree, however, was not so
abundant in the study area as in the Baikiaea woodlands
more towards the east (Childes and Walker 1987;
Mitlöhner 1993).
We are aware of the limitations of using a threshold
DBH of 20 cm to perform tree community classifica-
tions. However, the species diversity (α = 3) was very
similar to that for the recent data with DBH threshold of
10 cm (α = 3.6). The communities distinguished were
also very similar to those obtained during earlier test
runs performed on the recent dataset with threshold
DBH of 10 cm. The main difference was the lack of a
community characterised by Acacia erioloba, Terminalia
sericea and Combretum spp.; a community combining
an early succession vegetation with vegetation at the
fringes of depressions, dry riverbeds and dune valleys
(Burke 2002, 2006). The main aim of the study, to distin-
guish long-term patterns in later succession tree com-
munities, is therefore possible with the DBH threshold
of 20 cm. Follow-up studies that focus on succession
and recent dynamics are however necessary, especially
with the increasing fire occurrences (Pricope and Bin-
ford 2012), ongoing deforestation, conversion to com-
mercial cattle farms and the unknown effect of climate
change.
Impact of abiotic variables on forest composition
The available information allowed creating predictive
models for tree communities that could explain up to
31 % of the deviance, which is in the range of other
studies (Elith et al. 2008; Froeschke et al. 2010). The sys-
tem has an inherent stochastic component because of
the unpredictable rainfall events (Holdo 2006), which in
turn affect the extent of the burned area (Archibald et
al. 2009). Overall, abiotic variables influenced the late
succession tree communities more than anthropogenic
induced disturbances.
The slope communities had a lower temperature sea-
sonality and slightly higher minimum temperatures in
the coldest month, suggesting that the communities are
more frost sensitive than the sandy plateau communities.
This explains their prevalence on slopes and northerly
aspects. Other authors indicated that B. plurijuga is
often found on slopes because it is frost sensitive and
does not tolerate waterlogging (Childes and Walker
1987; Holdo and Timberlake 2008). The open B. afri-
cana community can be found in areas with the most
extreme conditions: in areas with lowest rainfall, lower
temperatures, more frost, further away from fossil rivers
and often exposed to the prevailing easterly winds.
There was no relation between the presence of the com-
munity and fire frequency, confirming the results of a
fire trial study of Geldenhuys (1977) and that the occur-
rence of the B. africana community is influenced by
abiotic variables. The B. africana community appears to
be an earlier succession stage than the other communi-
ties with T. sericea a typical pioneer. B. africana and es-
pecially T. sericea have shallow root systems and can
tolerate frost (Childes and Walker 1987; Holdo 2006).
The earlier succession stage explains the higher mortal-
ity rates of T. sericea (106 %) and B. africana (19 %) as
trees with DBH over 20 cm are relatively old and suc-
cumb to natural self-thinning. Childes and Walker
(1987) also found a high mortality (63 %) for T. sericea
trees with DBH > 6 cm.
One of the most visible effects of climate change is
tree mortality caused by warming and drought, which is
globally on the increase (Allen et al. 2010). The historic
forest inventory did not include dead trees and so an in-
creasing mortality trend could not be shown in our
study. However, the high mortality of D. englerianum in
the period 1998 – 2014 is alarming and will need further
investigation. D. englerianum is valuable to the local
population for its edible fruits, seeds and its wood (Man-
nheimer and Curtis 2009). The species has the smallest
distribution of the six indicator species within the study
area (Curtis and Mannheimer 2005) which coincides
with a slightly lower maximum temperature of the
warmest season. Warmer summers may affect this spe-
cies, but another possibility is that the species cannot
tolerate late dry season fires, as shown by Geldenhuys
(1977). The other indicator species of the community, P.
angolensis, did not show high mortality rates. However,
a high mortality of P. angolensis was observed in a
nearby study area with slightly lower rainfall (Strohbach
and Petersen 2007) and may be a sign of the species’ vul-
nerability to the predicted trend of decreasing summer
rainfall (De Cauwer et al. 2014). Monitoring tree mortal-
ity and regeneration at the edge of the transition to
shrub land may show a clearer trend. This would also
contribute to global predictions on the distribution of
dry forests, something which is currently lacking (Liu
and Yin 2013).
Impact of disturbances on forest composition
The expansion of agriculture and human infrastructure
mainly threatens the slope communities. Strohbach
(2013) indicated that 90 % of the Acacia erioloba - S.
rautanenii community in the Okavango river valley has
already been cleared for agriculture. Environmental im-
pact studies for agricultural development projects should
advise preservation and establishment of corridors and
islands of natural woodland, especially for the B. pluri-
juga and S. rautanenii communities. The slightly better
soils (Table S4) and denser canopy of the slope commu-
nities allow a higher moisture retention capacity
(Wallenfang et al. 2015). The corridors and islands can
therefore also act as refuges for certain species during
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drier conditions and be part of a climate adaptation
strategy (Liu and Yin 2013).
Effects of livestock on late succession forest compos-
ition were not obvious as there was little evidence of
livestock damage. The high contribution of cattle density
to the predictive model can be best explained by its cor-
relation to other variables. Areas with high cattle density
are often bush encroached areas with few large trees,
and were thus not included in this study. A study of the
effect of livestock on woodland succession in the slope
communities may give more insight in the impact of this
disturbance on forest composition.
Fire frequency in the sandy plateau communities was
slightly higher, causing a higher proportion of smaller
stems, which is a result of frequent fires in the late dry
season (Higgins et al. 2007). The P. angolensis - D.
englerianum community was found in the highest fire
frequency areas for the period 1981–2004. The main in-
dicator species, P. angolensis, has a high fire resistance
and needs a minimum amount of fire to favour regener-
ation (Banda et al. 2006).
The B. plurijuga community had the lowest fire fre-
quency, indicating that the community can only evolve if
fire frequency is low enough as found by other studies
(Geldenhuys 1977; Childes and Walker 1987). The lower
fire frequency can be explained by the occurrence of the
community on slightly better soils and closest to agricul-
tural fields, as observed by other authors (Mitlöhner
1993; Revermann and Finckh 2013; Wallenfang et al.
2015). Areas closer to agricultural fields had lower fire
frequency (rs 0.70, p < 0.001), which is a common occur-
rence (Lavorel et al. 2007; Archibald et al. 2009), and
can thus act as a refuge for more fire sensitive species.
The protection of large, mainly uninhabited areas as na-
tional parks, such as Bwabwata in Namibia, may be a
disadvantage for the B. plurijuga community because of
higher fire frequencies in areas further from human in-
frastructure. Establishment of fire refuge areas should be
considered within the newly established Kavango Zam-
bezi Transfrontier Conservation area.
Trends in forest composition over the last 40 years
Despite the human population increase of the last
40 years, no changes in the structural composition of
the forest were detected for DBH classes of 10 cm and
more. It may be that the total impact of disturbances, es-
pecially fire and harvesting of trees, remained similar as
legal timber harvesting decreased after the 1980s. There
were however significant changes in species composition
of trees with minimum DBH of 20 cm. The decrease of
O. pulchra may be explained by the fire sensitivity of the
species (Geldenhuys 1977), although more evidence
would be needed. The decrease in basal area of D. eng-
lerianum confirmed the high mortality rate of the
species, which is probably caused by climate change but
possibly by fire. The slightly decreasing basal area of B.
africana over the last 40 years cannot be explained by
climate change as its current range extends to areas with
conditions similar to climate changes predictions (Curtis
and Mannheimer 2005; De Cauwer et al. 2014). A de-
crease in B. africana may indicate a trend towards later
woodland succession stages and would need to be con-
firmed by revisiting more historical plots.
Conclusions
The western Baikiaea woodlands of southern Africa are
characterised by six tree species that represent most of
the growing stock and can be appropriately described as
Baikiaea Pterocarpus woodlands. The study was able to
distinguish and describe five late successional tree com-
munities that can serve as a benchmark for future stud-
ies focusing on the impact of climate change on forest
composition. The communities were linked to small dif-
ferences in the physical environment that explain their
long-term resistance to disturbances, especially fire but
also drought and frost events. Tree communities near
valleys and slight slopes are most threated by human ex-
pansion, but are more sheltered from harsh climate condi-
tions and fire. Their protection can be part of a climate
adaptation strategy as they may act as a refuge for certain
species during drier conditions. The Pterocarpus angolen-
sis - Dialium englerianum community showed signs of a
higher vulnerability to climate change. The community
deserves further research focus as it may provide early
warning signs of climate change and because it contains a
large portion of the valuable timber tree P. angolensis.
Follow-up studies are needed to study short term dynam-
ics, especially mortality and regeneration near the edges of
the transition zone between dry forest and shrub land, as
is required for all tropical dry forests.
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